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FULL-SCALE WIND-TUNNEL TESTS OF A PCA-2 AUTOGIRO ROTOR

By Jomn B. WeeATLEY and Manrey J. Hoop

SUMMARY

This paper presents the results of force tests on and air-
Slow surveys near a PCA-2 aufogiro rotor in the N. A.
C. A. full-scale wind tunnel. The force tests were made
at three pitch settings and several rotor speeds; the effect
of fairing protuberances on the rotor blade was deter-
mined. Induced downwash and yaw angles were de-
termined at two tip-speed ratios in a plane 1% feet above
the path of the blade tips. The results show that the
mazimum L[D of the rotor cannot be appreciably in-
creased by increasing the blade pitch angle above about
4.5° at the blade tip; that the protuberances on the blades
cause more than § percent of the fotal rotor drag; and
that the rotor center-of-pressure travel is very small.

INTRODUCTION

The National Advisory Committee for Aeronautics
has for several years been making an intensive study
of rotating-wing aircraft initiated because of the defi-
nite promise of this type of flying machine in the
related fields of safety and low-speed control. The
experimental work completed to date has consisted of
flight tests on a PCA-2 autogiro (references 1 and 2)
from which the gliding performance, fixed-wing loads,
and rotor-blade motion of the machine were deter-
mined. Following these tests an attempt was made to
deduce from them the aerodynamic characteristics of
the rotor (reference 3), but the results were unsatis-
factory for several reasons. No quantitative evalua-
tion of the interference of the remainder of the machine
upon the rotor was possible, but the most serious fault
with the results lay in the fact that the drag of the
rotor, its most important characteristic, could not be
found. In order to obtain complete and accurate in-
formation concerning the aerodynamic characteristics
of the PCA-2 autogiro rotor and to supply data appli-
cable to an analysis of the sources of its drag, the rotor
was removed from the machine and tested alone in the
full-scale wind tunnel at Langley Field in December
1933.

The test program included force tests at one pitch
setting and several rotor speeds with the blade pro-
tuberances both exposed and faired, and at two

additional pitch settings and at several rotor speeds
with the protuberances faired. In addition, air-flow
surveys were made at two air speeds in a plane parallel
to and about 1} feet above the path described by the
blade tips.

This report contains a presentation of the data
obtained in the full-scale wind-tunnel tests. The
results of an analysis of this information will be sub-
sequently published.

APPARATUS

The autogiro rotor used in these tests is shown
mounted in the wind tunnel in figure 1; figure 2 shows
its geometrical characteristics. For the first tests the
rotor was exactly as furnished on the PCA-2 auto-
giro (fig. 3 (a) ), but during all subsequent tests there
were fairings over the droop-cable fittings and damp-
ing devices for the interblade cables (fig. 3 (b) ).

The N. A. C. A. full-scale wind tunnel, together
with its 6-component balance and air-flow survey
apparatus used for these tests, is described in detail
in reference 4. Sphere drag tests made since this
reference was published show the critical Reynolds
Number in the wind tunnel to be between 340,000
and 370,000, indicating the turbulence, as measured
by this method, to be about the same as has been
found in free air. (See reference 5.)

The rotor was supported on the balance by a steel
tube tripod baving an apex formed by a steel casting
containing a mechanism for changing the angle of
attack. This mechanism consisted of a double
worm and gear reduction operated by a hand crank
in the balance house. The angle of attack (the acute
angle between the direction of flight and a plane per-
pendicular to the rotor axis) was indicated by a
revolution counter geared to the crank shaft. The
entire supporting system beneath the rotor was
shielded from the air stream to eliminate tare drag.

The rotor speed was obtained from an indicator at
the angle-of-attack control station, connected to a
tachometer magneto driven by the rotor. An addi-
tional indicator was placed at the wind-tunnel con-
trol station for the use of the tunnel operator while
the rotor was being started.
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TEST PROCEDURE
The rotor was started by the air stream, no mechani-
cal starting gear having been incorporated in the test
set-up. The rotor was set at about 10° angle of at-
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necessary readings were taken. The angle of attack

was then adjusted to give other desired rotor speeds,
readings were again taken, and the process was re-
peated at other air speeds. For each condition of

]

FIGURE 1.—PCA-2 autogiro rotor in N. A. C. A. full-scale wind tunnel.

tack, the wind tunnel was started slowly by jogging
on and off the lowest-speed switch point, and the air
speed was gradually increased as the rotor picked up
speed.
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FIGURE 2.—Geometrical characteristics of the PCA-2 autogiro rotor.

Force tests were made by the following procedure:
The wind-tunnel control was set for the lowest air
speed, the angle of attack was adjusted so the rotor
operated steadily at a desired rotor speed, and the

operation the readings of all the scales were mechani-
cally recorded and visual readings were taken of rotor
speed, rotor angle of attack, and air-stream dynamic

(a) Protuberances exposed.
(b) Protuberances faired.
FIGURE 3.—Protuberances on PCA-2 autogiro rotor blade.

pressure. In order to compute true air speed, the
air temperature, barometric pressure, and wet- and
dry-bulb temperatures were obtained by visual ob-
servations at intervals during the test.
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FIGURE 8—PCA-2 autogiro rotor characteristics with protuberances
falred, pltch setting=0.8°.
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FIGURE 10.—POA-2 antogiro rotor characteristics with protuberances
fatred, pitch setting=2.7°.
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The highest angle of attack at which it was possible
to test the rotor in the wind tunnel was limited in some
cases by the fact that the tunnel cannot be operated
below 23 miles per hour and in other cases by the jet
size. At the highest angle of attack (26° uncorrected),
the blade tips were 3.6 feet and 5.9 feet from the top
and bottom boundaries of the jet, respectively. The
lowest angle of attack at which the rotor could be
tested was limited by the bighest air speed available,
119 miles per hour, with the rotor in the jet.

Air-flow surveys were made in a plane approximately
parallel to and about 1% feet above the circle described
by the blade tips. The apparatus and method used
are described in reference 4, except that angles were
measured by the pressure method instead of by the
null, or alinement, method.

When the pitch setting of the rotor blades was
changed it was adjusted within 0.1° with a level
protractor. In order to check the track of tho blades,
the rotor was run and a paint brush was lowered onto
the rotor from above until the high blades were marked.
Indicated adjustments were then made and the process
repeated until the rotor operated smoothly as indi-
cated by the steadiness of the balance scales. When
the rotor operation was considered satisfactory, the
blade tips tracked to within about 1} inches.

RESULTS

The results of the tests are contained in tables I to
IV and figures 4 to 17, inclusive. All data have been
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corrected for jet-boundary and blocking effect; in
addition, the drag of the rotor hub was measured
with the blades removed and subtracted from the
rotor drag.

It will be noted that the nominal pitch angle, repre-
sented by the symbol 9, differs from the pitch setting
noted on each figure and is not constant at a given
pitch setting. The nominal pitch angle is the pitch
angle of the tip of the rotor blade under operating
conditions and the pitch setting is the pitch angle at
the tip of the rotor blade when at rest. The difference
between the two is the dynamie twist, arising because
the component of centrifugal force normal to the rotor
blade is applied aft of the blade center of pressure;
the couple resulting from these two forces is within
small limits proportional to the thrust, so the dynamic
twist also varies with the thrust. Flight tests on the
PCA-2 rotor established the fact that the dynamic
twist is about 0.89° at the tip for 1,000 pounds thrust,
and the nominal pitches assigned to the different runs
made in the wind-tunnel tests were determined from

this relation, employing the average thrust obtained
at o given rotor speed.

Air direction K =1
— 5

Air direction
————
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Figures 4 to 7 show the influence on the L/D and
angle of attack of the rotor resulting from fairing the
blade protuberances shown in figure 3, the results being
presented for one pitch setting and for several rotor
speeds. Figures 8 to 10 show the influence of a change
in the pitch setting of the rotor, curves being shown on
each figure for different designated rotor speeds. Kx-
perimental points have been omitted on figures 8 to 10
because the curves are so close together that confusion
would heve resulted had they been included. The
quantity and dispersion of the test points are, how-
ever, the same for these figures as for figures 4 to 7.

In figures 11 to 13 are presented vector sheaves for
the three pitch settings tested. The accidental errors
in the measurements of aerodynamic moments were as
large as or larger than the differences caused by varying
the rotor speed. For this reason, the average value of
the moment cocfficients obtained at different rotor
speeds was used to construct the vector sheaves.

Figures 14 and 15 contain the contour maps of the
downwash angles measured in a plane about 1% feet
above the tips of the rotor blades, and figures 16 and 17
show the contour maps of the yaw angles measured in
the same plane.

Air direction
—————e

wo T A n , 2 l
73 .%,.Fﬁ‘.,‘],/’.g m=5.2.3.49.5 .6 ,Uz'fé-/b—-" 5
b - b F S
Hor1zontal I Horizontal Horizontal
hinge hinge hinge
linch / inch 1 inch
r——— ol e————> —1
Lungitudina/ Longitudinal - Longitudina/
Rotor axis Rotor ‘axis Rotor axis
. ; 45 .2 4 15
55 7 6 5.4Y.3 6.51.2
\ F/ Y3
- b -
Hor/;:onfa/ l Horizontal Horizontal
hinge hinge hinge H
(Retreating biads) (Retreating biade) (Retreating blade) l
Lateral Lateral Lateral l
Roror axis Rotor axis Rotor axis
Flaure 11.—Vector sheaf of PCA-2 autogiro rotor, FI1GURE 12.—Vector sheaf of POA~2 autogiro rotor, FI1GURE 13.—Vector sheaf of PCA-2 autogtro rotor,
piteh setting=0.8°, pitch setting=1.9°, pitch setting=2.7°,

71046—36——13



184
PRECISION

The relation between blade pitch angle and rotor
thrust that was used in assigning values of nominal

, 1 Air- direction }
/O

Direction
or
rotation

/

F1gUBR 14.—Downwash angle distribution over disk of PCA-2 autogiro
rotor, p=0.204, N=120 1. p. m., pitch setting=1.9°.

pitch angle to the various curves presented herein was
established by photographic studies of the rotor in
flight. The precision of the results so obtained{was
sufficient to determine the proportionality between the

, J Air direction J

Direction
of
rotation

\ /

F16URE 15.—Downwash angle distribution over disk of PCA-2 autogiro
rotor, pe==0.448, N=115r. p. m., pitch setting=1.9°.

thrust and dynamic twist to within about 10 percent,
and the nominal pitch is considered accurate to within
+0.2°,

The accidental errors disclused by the dispersion of
the experimental points in figures 4 to 7 may be
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‘ascribed to the following possible causes: Failure to
obtain steady conditions on the rotor before taking
readings, fluctuations in the dynamic pressure and
rotor speed as readings were taken, and observational

! Air direction ’

Positive
yaw

Direction

2]
rotation

\ /

FI1GURE 16.—Induced yaw distribution over disk of PCA-2 autogiro
rotor, g=0.204, N'=120 r. p. m., pitch setting=1.9°,

errors in reading the dynamic pressure and rotor speed.
The number of experimental points is, however, suffi-
cient to reduce the accidental error in the faired curves
of the figures to a negligible value.
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FIGURE 17.—Induced yaw distribution over disk of PCA -2 autoglre
rotor, p=0.448, N'=115r. p. m., pitch gatting=1.6°,

Consistent errors in the results may be considered as
arising only from the blocking and jet-boundary cor-
rections applied to the measured coefficients. Tare
forces were so small a percentage of measured forces
that they may be neglected in this consideration. The
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blocking correction, necessitated by the disturbance of
the uniform velocity distribution across the jet by a
body in the jet, was determined by velocity surveys
across the wind-tunnel return passage accurately
enough to insure dynamic pressure being correct
within 41 percent. The jet-boundary correction was
applied as in reference 6, the value of the correction
factor & being assumed equal to that for an airfoil of
span equal to the rotor diameter. It is recogmized
that the trailing vortices behind the rotor are in all
probability essentially different in distribution from
those behind o wing, but this discrepancy may be cor-
rected by using a slightly different equivalent span for
the rotor. The value of § is, however, almost constant
for all wing spans between 35 and 45 feet and, since the
rotor diameter is 45 feet, this value of the span was
used to determine 5.

Unfortunately, no quantitative value could be as-
signed to the correction that should be applied to the
measured downwash angles at different stations along
the chord of the rotor disk. Studies of this question,
soon to be published, indicated that in this case the cor-
rection would be less than 10 percent of the measured
value of the downwash angle at the trailing edge of the
disk, or less than 1°, and the correction would be zero
near the transverse diameter of the disk. Because
quantitative information was lacking, no correction
was made to the survey results except the subtraction
of a constant value equal to the jet-boundary effect on
angle of attack. The contours shown are thought to
be within 1 foot of their correct position.

The vector sheaves shown in figures 11 to 13 include
errors in both the moment and lift coefficients. The
relative magnitudes of the coefficients and the number
of experimental points are such, however, that the
position of each vector is determined to within 4%
inch. .

The following table summarizes the precision of the
results arrived at from the previous discussion:

CL e =2 percent.
LID e eeeem +4 percent
[0 4 8 percent

Qe o e e e m e +0.2°.

B e e e e 4+ 2 percent.
N e -+ 0.5 percent.
O e e e e + 20 percent.
Clem e e e e +20 percent.
Veebors. o oo oo + % inch.
Contours_ _ - _____ +1 foot.

DISCUSSION

Change of nominal pitch angle with thrust.—The
importance of assigning the correct nominal pitch
angle to each run made in the tunnel tests lies in the
sensifivity of the fundamental parameters of the rotor
to small changes in pitch. The data obtained in these
tests were intended primarily for analytical purposes
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and, for this reason, every effort was made in prelim-
inary flight tests to establish definitely the relations
governing the changes in pitch with the rotor operating
conditions. Itisthought that the accurate determi-
nation of the pitch angle eliminates a major source of
discrepancies in the data which otherwise might occur
during analysis.

Effect of blade protuberances.—The influence of
protuberances on the blade is demonstrated in figures
4 to 7. Tt is seen from figure 3 that the fairings
employed could not entirely eliminate the drag caused
by the blade fittings, but the reduction in rotor drag
due to the fairings amounted to about 15 pounds for
a 3,000-pound machine, or about 4 horsepower required
at 100 miles per hour. Although it was necessary to
obtain some information concerning the protuberance
drag in order to evaluate the drag caused by the re-
mainder of the rotor, the results are of minor practical
importance because of the current trend toward the use
of cantilever blades with no protuberances.

Effect of rotor speed and pitch angle.—Figures 8
to 10 illustrate the change in rotor characteristics
with rotor speed and pitch setting. It is shown that
at a constant pitch setting and tip-speed ratio there
is a small but consistent increase of lift coefficient as
the tunnel speed and rotor speed increase. The change
in L/D is not absolutely consistent but appears to be
an increase at low tip-speed ratios, culminating in a
higher maximum and falling off more rapidly after the
peak, as the rotor speed increases. The angle of attack
also changes with rotor speed. Figure 8 shows a fairly
consistent decrease in this quantity at a given tip-
speed ratio as the rotor speed increases.

The effect of pitch setting on rotor characteristics
may be ascertained by a comparison of figures 8, 9,
and 10. At a given tip-speed ratio it is seen that the
lift coefficient and /D increase with the pitch setiing,
though there is a small difference between the L/D in
figure 8 and in figure 10. The pitch setting does not
change the tip-speed ratio at which maximum L/D
occurs, this value of x being approximately 0.35 for
all blade settings.

By reference to the increase in rotor lift coefficient
and change in L/D with rotor speed, it is found that
the variations can be explained as a result of an increase
in nominal pitch angle, caused in turn by the increase
in thrust at greater rotor speeds. Evidence supporting
this statement is afforded by the change in the positions
of the envelopes of.the C;, and L/D curves in figures 8,
9, and 10 corresponding to definite changes in the
pitch setting, the variation of the same characteristics
with rotor speed being closely parallel.

Vector sheaves—The resultant force vectors of the
rotor are projected upon the longitudinal and lateral
planes containing the rotor axis in figures 11 to 13,
each figure presenting average results for one pitch
setting. The projections of the vectors in the longi-
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tudinal plane in each figure move forward with de-
creasing tip-speed ratio to a maximum distance from
the axis at a tip-speed ratio of approximately 0.3.
This type of variation is probably a consequence of the
lag of the blade flapping behind the forces causing it,
although present knowledge of the mechanics of the
rotor is too meager to explain the center-of-pressure
movement in detail.

The recession of the force vectors from the axis of
rotation in & lateral direction as the tip-speed ratio
increases can be reasonably interpreted. As the asym-
metry of the rotor, represented by the tip-speed ratio,
increases, the equalization of lift on opposite sides of
the plane of symmetry becomes more difficult and is
less completely accomplished, causing a shift in the
center of pressure almost proportional to the tip-speed
ratio.

Velocity surveys.—The downwash-angle contours
shown in figures 14 and 15 have several points of inter-
est. There is an increase in downwash angle in passing
from the leading to the trailing edge of the disk along
the plane of symmetry, which is in agreement with the
expected variation for s lifting surface of such large
chord and low aspect ratio. The downwash also shows
a peak occurring just aft of the transverse position of
the retreating blade and & decreased downwash where
the velocity over the retreating blade is reversed.
These conditions are consistent with the large flapping
motion, leading to high angles of attack, of the trans-
verse rotreating blade and the poor flow conditions in
the reversed velocity region. Also noteworthy is the
upflow in both forward quarters of the disk, near its
edge.

The induced yaw angles plotted in figures 16 and 17
disclose little of interest. In figure 16 there is a pro-
nounced yaw away from the plane of symmetry on the
oft part of the disk, but this phenomenon is not
exhibited on figure 17, made at a greater tip-speed
ratio. No safisfactory explanation of this peculiar
flow has been obtained.
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CONCLUSIONS

1. The aerodynamic characteristics of the PCA-2
autogiro rotor change with rotor speed andjor thrust.

2. The existence of a blade twist proportional to
thrust explains the change in rotor characteristics with
thrust.

3. The maximum L/D of the rotor cannot be appre-
ciably increased by increasing the pitch angle above
approximately 4.5° at the blade tip.

4. The drag of protuberances on the rotor blade is
an appreciable percentage of the total rotor drag,
being more than 5 percent on the PCA-2 blades.

5. Lateral and longitudinal center-of-pressure travel
is very small, being less than 2 inches in the plane of '
the rotor disk. )

6. Pronounced variations in downwash exist at
certain portions of the rotor disk.

LANGLEY M EMORIAL AERONAUTICAL LLABORATORY,
NaTioNAL ApvisorRY COMMITTEE FOR ABRONAUTICS,
Lanerey Fiewp, Va., Oclober 18, 1934.
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.B7| ‘7.6| .217 |.0301 | &85| 1000 -000715 | .000085 | .0047 J26 | 1910 .56 .189 2.97 | 151.5| .001520 | .000125 | * ooy
37| 74| .220 |.0305 | &57| 10000 -000717 | -000076 | - 0047 09| 104 .24 1.0528 | 445 119.2| 000353 | 000132 | o3t
274 671 .10 |.0257 | &19| @83 | .000414 | .000070 | .0031 J07| 104 .285 |.0528 | 447 | 1189 2000383 | -000052 | :oo3g
276 B7| .180 |.0267 | 619 xS | -000566 | .000075 | .00B1 241 88| .18 {.@R | 496 189 | looossr | looon7 | oo
.218 83| .11 |.0530 511 | 117.6 [ .000762{ .000116 | .G063 . 226 88| .183 |.0369 4.98 | 110.21 .000384 | .000079 | oo
217 84| .29 |.052¢ 513 117.1| .000846 | .0CO0SL | .0082 L1886 { 1L0| .278 |.0638 4.37 | 136.8 .000512 [ .000057 | ogy5
161 41| o409 |.138 3.67 | 137.6 | .002114 | © - 0047 .88 1so| 278 [.0682 | 4.40| 1384 | .0003%0 |- * 6017
L1681 - 1411 .490 1,138 3.67 1 137.6 | .0015%8 = .000400 [ .0054 SM4 ) 187 | 469 (.127 3.6l | 156.8 | .001084 | .000088 | pgop
. 206 0.0 .318 |.0635 501 | 133.5] .001057 | .000271 | .0044 L143 | 16.7) .483 |.129 3.50 | 167.2 | .0010%9 | .000076 | °
207 88) .335 |.0503 565 13281 . .000243 | . 0043 L172 121 .841 |.0784 4.35 | 158.0| .COL137 | .000277 L0012
71 128 L4868 | 1122 415 147.7| .COI300 [ .000150 [ .0073 ST 121 | L348 L0702 4.40 ( 168.4 | .000813 | .00007L | " ogig
L1701 128 .469 | .1120 4.16 | 148,23 | .000888 | .000051 | .0077 208 9.4 .28 1.0485 4.00 | 140.4 1 .001001 | .000381 | ~qor1
L2456 67| .207 | .03 6761 118.1 | .C00560 | .000109 | .0067 L207 9.4 .28 |.0465 4.90 | 140.4 | ,000827 [ 000284 | ~goop2
.2468] 68| .108 |.0871 533 | 113.5| .000502 | .000090 | .0068 -264 74| .14201.0262 | 546 | 119.2 | 000254 | .000052 | g0)
.309 48] (1223 | .0185 6.6l | 38| .000316 | .000051 | .0021 2255 . 7.4 (1412 | .0259 5.48 | 119.7 ] .000310 | .000038 | ° o4
.307 48| .1239 | .0188 8.5 0.6 | 000285 | . . 0022 . 280 6.5 | .1168 | .0201 5.74 | 119.2 | .000242 | .000074 - 0010
L2778 5.4| .160 |. 6.18| 117.6 | .000565 | 0 . 0035 .281 6.5 .1138 | .0188 5.74 | 118.9 [ .000238 | .000092 - 0009
L8 64| L1890 | 614 | 117.6 | .000455 | .000073 [ .0034 .28 7.8| .1677 |. 6.43 1 157.2 | .000354 | .000383 [ *
.22 7.8 | .268 |.0402 5.44 | 187.3 | .000530 | .000061 | .0041 239 7.8 .1678 | .G311 | 540} 138.8 | .000751 | .000334 | :pg1p
225 7.8 .266 |.0488 6.45| 137.3 | .000832 | .000176 | .0042 200 8.61 .256 | .0515 4.07 | 156.5| .000385 | .000183 | ooz
9| 0.6 351 [.0705 | 4.98| 1469 | .00072L | -000070 | .0050 200 0.6| .255 (.0518 | 4.02| I185.5) .000682 | .000155 | oo
L2010 9.7| .349 |.0707 4.93| 147.7] .001174 | .0CO%3 | .0052 -218 85| .219 (.0412 6.31 | 150.4 } .000225 { .000099 | o002
LHML| 40| .00 (.0M40 | 7.07| es.0| .000258 | -000055 | -0017 -210 85| .221 |.0416 6.31| 158.9 ] .000173 { .000100 | ®enoe
344 4.0 | .0059 |.0143 6.71| ©67.1| .000216 | .000048 | .0015 - 257 7.0 .1442 1 .0256 6.65| 138.5( .000070 | .000389 | - goo7
.372 3.5 | .om00 | .0120 6.53] 98.0{ .000388 [ .000017 | .0012 - 267 7.0 | . 1446 { . 0255 6.67 | 138.51 .000543 | .000270 | o009
.871 3.5| .812|.012 6.63| ©08.0] .0002068 | .000045 | .0012 -304 5.8 | .0982{.0168 5.911 11891 .000163 | .000070 | eoo7
209 47| o L0212 6.37 | 118.9 | .000386 | .000059 | .0028 .33 5.81 .0971 | .0165 6.89 | 110.7 | .000279 | .000103 | ©cony
.310| 4.7 .1309 | .0204 6.42 | 118.1| .000258 | .000047 | .0028 -820 54| .0850 |.0142 | 6.05| 1189 | .000085 | .000046 | :poos
248 6.4 | .2185 | .0368 504 1385 .000430 | .000042 | .0030 -322 5.4 | .0344 | 0140 6.03 ] 118.0| .000010 |-.000001 | ©oo07
. 240 65| .215 |.3000 | 5.907| 187.6| .000402 | .000080 | .0037 - 269 6.7] .1321|.0228 | 5.80| 138.4 | .000658 | .000272 | cog7
. 228 7.8 .215 |.0500 550 | 147.7| .000723 | .000106 | .0044 <25 6.7 1 .1358 | .0Z37 5.72| 138.9| .000542 | .000787 | :coog
224 7.8 .79 |.0500 548 | 148.6 | .000603 | .000070 | .00 -227 81| .18l [.0368 5411 157.21 .000116 000030 | ' goo2
.312] 44| .120(.0190 | 647 1185 000282 |—. -0025 -29( 81} .1050(.0363 | b5.40| 158.3 | .000256 | .000098 | cop2
2620 60| .102¢].0816 | 611 137.6| .000184 | .000072 | . 0G38 2481 7.2 .1633 |.0288 | A.67 | 157.2| .000384 | .000130 | :cogy
.38 70| .250 571 148.5 | .000744 | .000102 | .0041 . 247 7.1 .1651 |.0201 5.68 | 157.2 | . (000391 .000146 | 0004
.38 3.4/ .o737|.0110 6.70| 98.0| .000169 | .000011 | .0011 -289 6.0} .1115 | .0188 6.08 | 137.6 | .000208 { .000Z75 { - opo4
,335( 4.0 .1060|.0160 | 6.58 | 119.7| -000278 | .000036 | .0020 -280| 6.0 .1124|.0191 { 5.£0| 137.6 | .000574 | .000280 | 0008
28 63| .65 |. 6.27 | 138.5| .000512 | .000091 | 0033 -390 831 . -0128 | 6.07 | 119.2 | .000115 [ .000045 | ' ogo5
2257 61| 207 | 6.12| 147.4| .000585 | .0000S1 | .0035 30| 52| L0787 ).0127 598 119.2]0 -000003 | 0006
.414| 30| .0638|.0100 | &85| 97.5| -coo1i0| 000016 | 0000 36| 48] . 20114 | 6.08) 119.2 | .000223 ( 000074 | o004
L343 39| .1004|.018¢ | 6.52| 121.4| [000448 | o00cde | 0020 -3651  4.81 .0601|.0113 | 6.11| 119.2| .CO0I00 | .00C044 | :ogog
.202|  4.8| .1406 |.0226 | 6.61| 1385 .000323 | .000026 | .0G30 .20 | 58| .1120 1.0 5.97 | ML6] .000885 | .000220 | ~oogs
.270| 56| 184 |.0280 | e37| 1461 -oo0515 | 000075 | - 0030 -2/} 68| 1107 |.0183 | 6.05| 14L3 1 .000817 | 000222 | opop
421 29| Cos24|.0005 | 658 99.2| -ooo2ss | -ocoozs | -oo0e -286, 67 .1622).0260 | 5.88) 156.8| .000385 | .000128 | oGo4
.374| 3.4 .os25|.0124 | e.65| 117.1| 000310 | .c00020 | 0014 -286 | 6.7 .1520 .0261 | 5.88| 156.3 | .CO0272 | .000072 | 10005
.308| 45| .1335|.0200 | 6.68| 138.5( .000397 | .0000%5 | -o0027 -266 | 6.3} .1407|.0236 | 5.98| 180.7  .000218 | .000091 | :ocoe
2| sl J16 |.o2ss | esal| 195.0| Joooiss | -oooose | ooz 28| e3] .1 0232 | 590 1530 .000419 | -0001G3 | coos
:“9 28 : :m & 51 08.3 :m] :w :m 316 53 0041 | . 0163 6.15 137.6 . 000525 . 000235 L0003
2| 33 . c0121 | e | 197 000817 | -oooose | o015 334 83 01.016¢4 | 6.10| 13841 .000536 | .000234 | ’ggon
3| 40| cn77f.oms | 6.80| 1358 | -oooa16 | -ooooez | - o023 3731 4.8 0614 1.0101 | 6.08( 118.9( .000088 | .000043 | 0003
Ml 24| oo 529 | 8| 000050 | (000088 | oo0s el 4| . .00993 | 6.CO| 1180 -000085 | -000050 | goo3
12| 2.8, .0852).0100 \ &52| 137.1, .000257 | -000045| .0010 o e o It - O S 2| -oo00es -oo0re | -oom
.842 3.7 . 0161 6.11 | 130.2| .000377 | .000050 | .0021 -1 5ol cos2s | o1z 825 | 1384 [00020f | 000064 - 0003
. 318 401 .1201 | .0191 8.20 | 147.4 | .000426 | .00C067 | .0022 ‘30 ol ‘o0l ois 2 . . - 0005
a0 21| low4 |- 6.24| ox8| -000144 | -000010 | 0005 AR AR R = -Jo0e2 | -oooxse | o008
A4 209 0857 |.0100 | 650 1214 . -000027 | .0012 : 188 | o : : - 6005
.38 34| Cooss| om0 | o.82] 1302 | 1000137 | -000020 [ 0018 Sl 3| || 3 13| -Ooose) -000ces | ooy
.320 3.8| .1178 | .0174 6,75 148.2 | .000525 | .000082 | .0021 - . . . . - 0005
2| 21| B 0| Eés| ‘8| Joens | Oooma | oo .300 | 53| .1081 |.0173 | .25 | 158.9 | .000340 | .000112 | :goo3
3| 27| cose2|ommr | 6%8| 1197 | to0s | - oemms | oo 358 | 48| Jo702|.0u5 | elo| 1384 -ocoes | - T C004
am| 31| coma|lom | oas| e ccoms | ooooss | o 4.6} .0710 | .o117 | 6.07| 138.8| -000128 | .000019 | :oocg
32| 35| J1013|.0148 | e84 | 147.4| -oooi20 | 000047 | o019 4121 401 01001, 6.02) 1189 . -000043 | ocg2
85| 20| coa7t | 0030 | so9| ‘entl looonz | o007 4 40| .0403 |.00819 | 6.02| 1189 | .00000t | -000098 | : o001
ol 79l oms| ol 7] coeed | (oaXis | -0 .4301 29| o433 |.00m25| &es| 17.2| - 000025 | oeo1
. . . -8 - . . 438 | 39| .0442|.co7s3| b5.88| 117.2 | -co0043 | ©000057 | oo
406 29| .o718|.0110 | 6.53| 14L7| -000343 | .000042 | .0014 31| 4| ‘oot | oo | &5 5
35| 30 ! 0132 | a70| 1523 | -000553 |— co%001 | -0015 . - . 8| 1389 .comug | .00CO34 | coos
684] YTo| los17|.o0%2| &es| eo7| ooo2es| .oo0oss| : -365) 441 .08631.0009 | 613 138.4| .000234 | .COCO75 | |com3
7] 18| j0381 | oot | rev| osal ccoms| oo | oo 820 5.0f .0024|.0143 | 6.46| 1555 | .c00105 | 00050 | cooy
517] 21| towm|.ooes0 | 593 | 1205 | Dooorze | Coooois | ooas 211 6.0) .0602).0142 | 6351 1648 . -C00072 | . 6004
w0l 25| coms|lom0r| ocs| 1a0e| oeozm| oo | -3 .381| 46| .0887.0135 | 42| 168.0| .Co0313 | -0000S0 | oong
12| 27| loro7|loio%0| e73| 1490 Cooos7i| Cooooos | oo1s | ES5) s |wEd | Sgo| 1be.3 ) -000065 | 000088 | oot
3] 1.8 00533 | 6.76 | 114.7{ .000009 | .000015 | .00G3 . . - 000276 | . - €003
| 21| coie | oo | el mry |t | oot | -9 .381| 4.2 .0609|.0100 | 6.00| 138.4 | .000147 | :0Go0t0 | cocs
705 14| lozt0)looiss| 53| o71| loootso | eoooss| Cocor -4 8.8 .o#18 | 00711 | 5.85( 1180 | 000147 | 000031 | : oot
.608| 1.6 -0303{ 00846 | .61 | 1205 -000198 | 000034 | -0003 AR R AR R R <0000 |  oosa
%1 R IR AR IR A A IR B 490 36| ‘o |looed | E75| 119.7 | .000120 | -cooos | o
13| L2] . -00460 | 5.09] 102.1] .000218 | .000025 | .0002 A1} 41 0534 |.00e01 | ec0| 141.7| Cocozsa | -oocors | . eoo1
11| 41| .o513|.00887 | 5.92| 14009 | -000059 | 00020 | Cocoz
TTI ° PROTUBERANCES da| i3] e ohn | 3 %%g - Oeoses 'mm ‘s
. =0. . 3| . . . . . G003
TABLE IIL—PITCH SE FAINISEDO 8% PRO B N 3.5 . .00541 §  5.40 | 116.83 | .0C0069 | .000023 |—. G001
62| 85| . 00529 | 546 | 116.3 | .0C0060 | -00CD0S
.49 38| .od37|.00730 | 01| 1311 - 000035 | . 0001
- 463 | 38| .o425|.00727 | &85 | 137.6 | -000128 | .ceoo2s | Ccooe
Bt oame| Cr Co I.(D N o) Cn | pafoar 05| 34| o4 |.00a20| 671 137.6 | -00c089 | -co0019 | Ceoo2
Tip- pvs Lift | Drag | Lift- | Rotor | Roliing- | Pitching-| Ltere 496 | 34| .o354|.00627 | &65) 137.6| .000109 | .cooo22 | .ocor
speed attack | coefl- coeﬂi- drag | spced | moment | moment enoffi- . 589 31| .0257 |.00470 | B&.47 | 1168.3) . .000024 | O
ratio Y clent | clent | ratio |[r. p.m. |coefficient|coefficient! clent . 500 3.1 .0238 | .00478 5351 116.3 | .000068 | .00C022 | O
.612 13 L0254 &4;‘15 g;cl) xgg .ooorivg ~000033 | 0
osat| o7 oms [ | 20l 11150 ooess | o.conm | o.ooss 50| 32| 10am |00as3| oes| 17| cooore| :osontz | ooon
. L7 | . . 3| . —. . X 2| . . : i - 00001
25| 19.6] .19 | (109 | 261| 124.6] .o001455 | .oooocs | o018 sl 3 68 |-00M0 | 5.77] 18.0] -0000m | 000017 | O
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TABLE III.—PITCH SETTING=1.9°, PROTUBERANCES | TABLE IV.—PITCH SETTING=2.7°, PROTUBERANCES
FAIRED FAIRED

B | A ¢ | o | 4o | N o Cn  |1alTa i ngle | G | 2 | H2 | RN G On | Latoral.
Tip- neel Lt Sﬁ Ltt- | Rotor | Rolling- | Pitching-| ¢ #7 Tip- ‘mo}' Lift gﬁ Lift- | Rotor | Rolling- [ Pltching-{ 4o
speed attack coeffi- - | drag | speed | moment | moment _ speed attack coeffi- - | dmg | 8 moment | momen coofll-
ratlo ° clent | clent | ratlo {r.p.m. fclenticoeflicient| “on, ratio ° clent | clent | ratio | r.p.m. [coefliclent|coefMcient! clent
0143} 15.9|0.528 [0.168 3.13| 98.8 | 0.001319 | 0.000207 | 0.0138 0.145| 16.9| 0.670 [0.2108 3.18 | 117.2 | 0.002270 | 0.000640 | 0. 0083
L1451 1.8 . 171 3.13| 98.3| .001100 | .000038 | .0137 .145| 16.9| .671].2108 318} 117.2| .002051 | .000720 | .008S
.1 184 .617 |- 2.72| 1021 .001231 | .000077 [ .0133 70| 127 L8277 .1330 3.97| 119.7 | .001622 | .0c0370 | .0073
. 18.5| .e11 |.227 2.69| 101.3{ .001033 | .000070 [ .0130 71| 127 .620].1310 3.07| 119.7| .001328 | .000288 | .0007
181 1n2| .360 |.0847 4.25] 93.3| .000511 . 0083 143 | 17.7] .683).2148 3.18 | 127.56| .001847 | .0003%0 | .0130
(8Ll 12| (386 |.0866 +23] 99.2| - 000139 | .0084 .145| 17.9f .669|.2158 a1 .001641 | . 000101 | .0137
L1331 184 .e2t |.228 274 | 1147 .001414 | .000042 | .0068 74| 125| .88 . 421 120.1| .001215 | .060270 | .0080
(133 | 184 .e21 |.228 2.73 | 114.3{ .001395 |—. 0072 74| 124 .s22|.1225 428 | 120.5] .001273 | .000350 | .0080
L153 | 146 .516 |.152 3.39| 1204 .001367 [ .000200 | .0061 .203 9.1| .380|.0768 4.95| 120.5| .001166 | .000324 | .0053
.13 | 146 (518 | o181 3.42] 12L4 | .001130 | .000263 | .0039 . 9.0| .385|.0768 5.04| 120.1| .001458 | .000435 | .0053
.218 8.3 .258 |.0401 526 | 100.5 | .000341 |—.000171 | .0057 .210 83| .39|.com1 5.35| 120.1| .000870 | .000143 | .0062
.215 83| .250 |.0403 5.26 | 100.5| .000860 {—.000127 | .0057 212 8.4 .3562).0668 5.29| 128.8| .000833| .o00022L | .0057
.195 2.7] .330 |.0700 4.72| 1u7.1{ .000938 [—. L0075 .242 6.3| .266|.0439 6.05| 118.9| .000720 | .000178 | .0047
J140] 17,2 .e13 |.190 3.13| 136.0| .001258 | .000040 [ .0052 L241 6.8| .264|.0439 6.01 | 119.2| .000719 | .000176 | .0046
249 6.6 .102 |.0323 504] ‘088 .000422 | .000169 [ .00%0 242 6.4| .271|.0480 6.02{ 120.1{ .001022 | . . 0050
) 7.7| 257 |.0474 5.21| 118.1| .000854 | .000201 | .0059 240 6.4| .275|.0455 6.04| 120.5] . L000177 | . 0040
gl o1z2| 480 o 4.05| 137.2| .001951 | .000320 | .0038 .270 4.8 .207|.0310 6.63| 1180 | .000472| . . 0030
47| 181 538 |.n 3.43 | 1457 | .o01021 |—. . 0083 270 4.8 .208].0300 6.67| 110.2| .000466 | .000133 [ .0037
276 55| .158 |.0248 6.42| 100.0 | .000270 | .000040 | .0030 288 50| .216].0328 6.62| 128.8| .000852 | .0001068 | .0042
.252 61| .185 |.0323 6.03| 119.2| .000285 | .000409 [ .0043 .288 50| .217}.0327 6.64 [ 120.1| .000610 | .000117 | .0043
207 87| .313 |.0801 521 | 1360 .000797 | .000273 | .0050 207 39| .167|.0241 6.93 | 118.0 | .000475| .000070 | .0030
J182 | 1Lo| 414 | .09 4.47| 1461 .001107 | .000134 [ .0035 . 295 3.9( .167|.0241 6.93| 119.2| .000351 | .000109 | .0034
.315 43| .1161 | .0170 6.83| 98.8] . .000248 | .0009 284 431 .187|.02714 6.83| 128.0| .000471]| . . 0038
.232 50| .1522 | .0237 6.42| 117.6| .001084 | .00C028 | .0021 235 43| .185]|.0275 6.73| 128.4| .000521 | .000104 | .0037
.22 7.1| .257 |.0413 580 | 1384 .001220 | .000118 | .0035 308 3.6| .151(.0215 7.02| 110.7 | .000442| . . 0033
205 8.8 .333 |.0648 516 | 147.7 | .001663 [ .000106 | .0035 .307 36| .151|.0217 7.10 | 120.5| .000359 | .000169 | .0633
L1 3.7 .0065 | .0141 6.84| 98.8| .001045 | .000871 [ .0005 .305 26| .160(.0230 6.06| 128.8| .000402] . . 0033
. 305 421 .1200 | .0183 6.63( 118.9| .000927 |—.000018 | .0019 308 3.6{ .157|.0225 6031 120.1] .000550 | .000116 | 0033
254 58| .201 |.0318 6.32( 137.2 | .000363 | .C0OOLL | .0032 .336 3.0 .1271] .0180 7.06 | 119.2] .000247 | .000040 | .0030
. 232 6.8 .25 |. 5811 148.9 | .001320 | .000171 [ .0031 .839 30| .11 .0178 7.00 | 118.1] .000316 | .000071 | .0028
.3713 3.2| .ome | .0116 6.86 | ‘988 | .000884 |—.000012 | .0004 .319 34| 1445 . 7.02| 127.5| .000445 | . L0020
.303 42| (1204 ].0193 6.71 | 118.9 | .000826 | .000058 | .0026 .315 3.3| .1470 | . 7.14| 128.8| .000302| .000102 ] .0081
. 252 58 .208 |. 6.26 | 137.7{ .000390 | .000111 | .0040 .349 27| .1148 | .0162 7.00 | 118.5| .000347 | .000053 | .0028
.31 6.9 .255 |.0435 5.86 | 146.5| -000485| .00006S | .0040 .350 27| .1147 | .0161 7.11| 118.9 | .000308 | .000035 | .0028
. 369 3.2 .0s08 [ .0113 7.13| 98.8| .000176 | .000045 | .0012 .837 30| .1271].0179 7.10| 128.8 | .000455| .000076 | .00Z8
.32 40| .1103}.0164 8. 17.8| . -000046 | . 0021 L334 29| -1308|.0182 .16 120.1| .000219 | .000017 | 0031
. 263 541 179 |.0278 6.44 138.8 | .000397 [ .000083 | .0036 .388 23| .1030 | .0144 7.14] 118.9| .000207 | .000048 | .0024
. 243 6.3 .23 |.0382 6.10 | 1457 | .000612 | .000089 | .0038 .369 24| .1013 | .0142 7.13( 110.2| .000287 | .000054 | .0024
.304 3.0 .0100 6.97| 63.0| .000028 { .000014 | .0010 .358 2.5 .1125 | .01568 7.21| 123.8{ .000387 | .0000SL | .0020
.33 3.7] .1072 | .0158 122.6 | .000348 | .000042 | .0021 .383 25| .1139].0158 7211 128.8{ .000270 | .000020 | .0020
. 238 471 .160 |.0227 6.61 | 137.2| .000043 | .000064 | .0029 . 300 20 .0874{.0124 7.05| 118.1{ .000197 | .000025 | .0021
. 260 55] .200 |.0311 643 148.2| .000336 | .000050 | .0034 .308 201 . .0121 7.08] 116.3] . 000010 | . 0020
.418 2.7 .0616 | .0020 6.85| 98.3| .0C00039 [ .000017 |-.0003 .37 22] . .0137 7.18| 128.4 .000160 [ .000022 | .0023
. 3566 3.4 .0897|.0132 6.70 | 118.9 | .000088 |-. 0011 .34 22| .1013 | .0141 7.18] 120.5{ .000358 | .000043 | .0023
.300 431 13821, 6.80 | 137.7 | .000096 | .000040 | .0028 400 L8] . L0114 7.04.0 119.2 | .000238 | .000041 | .0010
. 274 50| .178 | .0268 6.56 | 146.9 | .000426 | .000058 | .0031 412 18| .0734 | .0111 7.06| 118.5| .000228 | .000051 | .0019
-431 2.6 .0573 [ .0085 6.75| 99.2| .C00188 | .C00059 | .0007 .802 20| .0899 | .0125 7.19 | 128.8 | .000280 | .000031 | .002t
.369 3.2] .0823).0119 6.96| 120.0{ .000107 | .000035 | .0014 .392 20| .0005|.0125 7.24 | 128.8 | .000240 | .000018 | .0031
314 3.9 | .1251 | .0181 6.91| 138.5| .000404 1 .000038 | .0025 428 16| .0717 | .0102 7.03 | 1181 .000140 | .000032 | .0010
. 289 44| .165 1. 6.88 | 145.7 | - 000358 {—.000013 | .0028 .429 16| .0731|.0104 7.03| 188 . .000037 | . 0017
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